The accumulation of L-glutamate (L-Glu)by Brevibacteriumflavum No. 2247 was investigated from the standpoint of cellular permeability toward L-Glu under electro-energizing (E-E) conditions. In both biotin-poor (4/ig/liter) and biotin-rich (10^g/liter) conditions, an increase in K+ uptake and easy leakage of intracellular L-Glu were induced by E-E. In addition, under the biotin-rich conditions, E-E culture caused changes in cellular fatty acid composition and in the net charge of the cell surface, thus causing the cells to become similar to the biotin-poor cells. These cellular changes facilitated the leakage of intracellular l-G1u.
In the previous paper,1} the production oflGlu by Brev.flavum No. 2247 was reported to increase about 15% in yield under the conditions of E-E F compared without. It was most effective to electro-energize from the early stage of the logarithmic growth phase. In this case, many effects ofE-E F on the increase of l-G1u production were considered and the promotion of reductive amination of a-ketoglutarate to l-G1u by E-E F was observed.2) As other factors, the changes of cellular quantity and permeability were estimated. Since the discovery of the penicillin method there have been extensive studies on the relationship between biotin and regulation of cellular permeability toward l-G1u. In general, the most active production of l-G1u was at a biotin concentration of 2.5~5 /^g/liters, this concentration itself being suboptimal for growth.3~6) At a high biotin concentration, however, the addition of penicillin7~10) or certain surfactants11~13) at a suitable stage of the bacterial growth results in high l-G1u production.
These reagents induced cell wall damage or a change of the cellular membranefavorable for the release of intracellular l-G1u without imparing other functions of biotin-rich cells. Furthermore, it has been reported14'15* that exposure of microorganisms to a high voltage electric field results in leakage of intra-cellular contents or in somecases even death. Onthe other hand, under mild conditions such as E-E F, some suitable effects on the structure and function of the cell membrane could be expected. In this work, we investigated the effects of E-E F or E-E I on the cellular permeability toward l-G1u.
MATERIALS AND METHODS
Microorganism and Medium. The microorganism and mediumcomposition were the same as described in the previous report.1} In the case of biotin rich conditions, the biotin concentration of medium F was changed to 10 jug/liters.
Analysis. Produced L-Glu and cell growth were determined by the methods described previously.1*
Apparatus for E-E. The apparatuses used for E-E F, E-E C and E-E I were the same as described previously.1} grown in medium F for 24hr at 30°C with shaking and then collected by centrifugation. After washing twice, harvested cells were suspended in 0.05 m phosphate buffer, pH 7.5, and shaken for 2hr. The cell suspension was then centrifuged at 9000 x g for 10 min and washed twice with sterile tap water. The cells were suspended in a volumeof the phosphate buffer so as to give the described cellular concentration.
Determination of extra-and intra-cellular L-Glu. Extraand intra-cellular L-Glu were determined following the method of Shiio et al.16 ) The determination procedure is summarized in Fig. 1 .
Determination of intra-cellular K +. Intra-cellular K+ was determined by the method of Conway et al.17) The procedure is summarized in Fig. 2 . K+ was determined with a flame photometer (Eikoseiki Sangyo Co., flame photometer type LF-12) with a 766nm filter.
Determination of electrical charge of bacterial cell surface. The electrical charge of the bacterial cell surface was determined by a colloidal titration method.18'19* The cells in the culture broth were harvested at 9000 x g for 10 min and washed twice with deionized water. A suitable amount of washed cells was suspended in 50ml of deionized water and 10ml of 0.0025 n protamin solution (positive colloid) added. The pH was adjusted to 8.5 with 0.01 n NaOH,and then titration with 0.0025 n polyvinylalcohol potassium sulphate solution (negative colloid) was done, the end point of titration was identified by metachlomasy of toluidine blue.
Analysis of cellular fatty acids. The lyophilized cells (200mg) were suspended in 20ml of 2n HC1 and hydrolyzed at 120°C for 120 min. The hydrolysate was extracted with diethyl ether for 24hr. After drying over Na2SO4, the diethyl ether extract was treated with diazo-methane. Fatty acid methyl esters thus obtained were analyzed by gas-chromatography, using a JGC-20KF gaschromatograph (Japan Electron Optics Laboratory Co.) with a hydrogen flame detector. Operating conditions for gas-chromatography were as follows: a stainless steel column, 2000mmin length and 3mmin diameter, was packed with polyethylene glycol succinate polyester; the column was maintained at 170°C with N2as carrier gas (1.5 kg/cm2); the flame gas was a mixture of H2 (1.0 kg/cm2) and air (1.0 kg/cm2). The peaks appearing in the chromatograms were identified by comparison of their retention times with those of authentic fatty acid methyl esters.
RESULTS
Effect ofE-E F on the L-Glu production in the presence of excess biotin
As shown in Table I , l-G1u production was increased by E-E F. It was found that E-E F in the cathode or the anode compartment were both effective. The l-G1u production was increased about 65%in yield compared with the control. These results suggested that the l-G1u production was caused not only by stimulation of redox reactions2) but also a change of cellular permeability.
It can be assumed that the temporary change in the conformation of the cell wall resulted from exposure to an electric field, and attraction or repeling of cell surface changes by the contract with the electrode mayallow easier release of l-G1u from the cells into the culture medium.
Effect of electro-energizing incubation (E-E I)
on the L-Gluproduction by resting cells grown in biotin-rich medium As shown in Table II , the effect ofE-E I on the l-G1u production was somewhat in evidence. The effect, however, was small compared to E-E F with growing cells (Table I) . These results suggest that it mayeffective to grow the bacteria under E-E conditions and the change in the cell membranemay allow easier leakage of l-G1u from the bacterial cells. E-E F was not applied. E-E F was started at the same time as inoculation under the conditions of 400 //A/cm2 at 1.5 V.
Symbols + and -meanthatE-E F, E-ECorE-EI was carried out in the anode and cathode compartment, respectively. We used these symbols in the same way in the following tables and figures. Release of the intra-cellular L-Glu by E-E I As shown in Table III the ratios of extracellular L-Glu/intra-cellular l-G1u were increased 1.5~3 times by E-E I. This means that E-E I leads to easy leakage of intracellular l-G1u.
Effect of E-E I on the cellular permeability toward K + Shiio et al. reported 20) that there was a close correlation between the effect of K + deficiency and biotin concentration on l-G1u production. Inhibition of L-Glu production by a K+ deficiency seemed to be mainly due to cellular permeability.
As shown in Table IV , when without E-E I and glucose was present, the concentration ofK+ in the 4^g/liters cells was similar to that of 10 /ig/liters cells. The 4 /xg/liters cells, however, incubated in the cathode compartment, incorporated 2.5 times the concentration of K+ than did the cells without E-E I. The 10 /^g/liters cells, incubated in the anode or cathode compartment, incorporated more K+than the control. It seems that there is a relationship between the increase of K+incorporation and l-G1u production in the biotin-rich cells cultured under the E-E conditions. K+ concentration in the 4 g/liters cells decreased more than that in the 10 /^/liters cells when glucose was not present. These facts may depend on the difference of retention power of intra-cellular substances between 4^g/liters cells and 10 /ig/liters cells. For both cells the K+ incorporation was accelerated by the E-E I.
Effect ofE-E F on the charge of the cell surface The charge of the microbial cell surface had been studied by an electrophoretic method,21'22) however, a colloidal titration method could also be applied for this purpose. The authors examined the relationship between the biotin concentration in the medium and the charge of the cell surface under the E-E conditions. Table V shows that the surface of the 4 /ig/liters cells has a greater net charge than that of 10 /^g/liters cells. It seems that l- 0.0025 n protamine consumed volume (ml) Cell weight (mg)
E-E F was not applied. E-E F was started 8hr after inoculation under the conditions of400^A/cm2 at 1.5 V.
E-E F was started at the same time as inoculation under the conditions of 400
juA/cm2 at 1.5V.
Glu and anions are repulsed by the negative charges of cell surfaces and extra-cellular lGlu that leaked out maybe incorporated with difficulty in a cells with the increase of the negative charge. 4 /ig/liters cells gave a high colloidal titration value and had a more negative charged cell surface than 10 /ig/liters cells. In the case of 10 jug/liters cells, E-E F had a tendency to give an increase in negative charge. These facts would indicate that l-G1u which leaked outside the cells would diffuse back with great difficulty, and then, result in extra-cellular accumulation of l-G1u.
Effect of E-E on the composition of cellular fatty acids
Manystudies have been carried out on the relationship between extra-cellular accumulation of L-Glu and cellular membranecomponents. In these studies a relationship was observed between cellular permeability toward l-G1u and the composition and amounts of cellular membrane lipids. Oleic acid,23) the saturated/unsaturated fatty acids ratios, phospholipid composition of the cell membrane,24) and the fatty acid contents of cell wall and cell membrane were studied. It has reported that more than 70% of cellular fatty acids exist in the cell membranefraction of Brev.flavum No.
2247.25)
Effect of E-E I and E-E C on the cellular fatty acids composition in growing or resting cells were investigated.
(1) E-E I of resting cells.
a) 4jug/liters cells: Gas-chromatograms of methyl esters of cellular fatty acids are shown in Fig. 3(A, B) . Palmitate (C16), oleate (Cf8) and stearate (C18) constituted over 90%of cellular fatty acids, and no effect of E-E I was observed. b) 10/ig/liters cells: Fig. 3 (C, D) shows gas-chromatograms of methyl esters of cellular fatty acids. Comparedwith Methyl Esters (Resting cells).
E-E I was carried out for 5hr under the conditions of 1 mA/cm2 at 3V. E-E C was carried out for 48hr under the conditions of40.0juA/cm2 at 1.5V. Fig. 4(A,  B) , little effect was observed on E-E C. b) lOjUg/liters cells: As shown in Fig.   4 (C, D), in the case ofE-E C in the cathode compartment the gaschromatogram of cellular fatty acid esters showed a pattern similar to that of the 4 /ig/liters cells ( Fig. 3-A nearly doubled l-G1u production.
The above findings also show that E-E C causes changes in cellular permeability to some substances.
DISCUSSION
As the above experimental results show, the effects of E-E on the L-Glu fermentation were combinations of various elementary effects.
They may be classified into two major groups, namely, the action on intra-cellular reductive reactions and that on cellular permeability. It is interesting in this connection that biotinpoor cells were affected by E-E in a different manner to biotin-rich cells. For the biotinpoor cells, E-E performed in the cathode compartment in the presence of redox dyes such as NRmarkedly facilitated the reductive animation.^It may be also inferred that the electric field formed around an E-E electrode produced an environment in which intra-cellular l-G1u can be more easily released from the cells. On the other hand, the following experimental findings for biotin-rich cells indirectly suggested that the cellular permeability toward electrolytes appeared to be changed by E-E. The dynamic changes of Na+ and other electrolyte concentrations in the external fluid of biotin-rich cells were measured using a Na+ electrode (TOA Electronics Ltd., NA-1 15) and a conductivity cell (M & S Instruments Inc., , respectively. It was found that Na+and other electrolytes were taken up by or released from the cells depending upon the applied voltage and existence of glucose (Fig.   5 ). As shown in Table VI , the cells precultured in the cathode compartment exhibited much lGlu formation compared with preculture without E-E. These results, therefore, indicate qualitative changes induced by E-E C in l-G1u producing bacteria.
